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A bstract
M easurem ents of inclusive production  of the  A, S -  and  S*(1530) baryons in 
tw o-photon collisions w ith  the  L3 detector a t LEP are presented. The inclusive 
differential cross sections for A and S -  are m easured as a function of the  baryon 
transverse m om entum , p t , and pseudo-rapidity, n  The m ean num ber of A, S -  and 
S*(1530) baryons per hadronic tw o-photon event is determ ined in the  kinem atic 
range 0.4 GeV <  p t < 2.5 GeV, |n| <  1.2. Overall agreem ent w ith the  theoretical 
models and  M onte Carlo predictions is observed. A search for inclusive production 
of the  pen taquark  6I+(1540) in tw o-photon collisions th rough  the  decay 9+ ^  pK^ 
is also presented. No evidence for production of th is s ta te  is found.
Subm itted  to  Eur. Phys. J. C
1 In troduction
Tw o-photon collisions are the  m ain source of hadron  production in high-energy e+e-  in terac­
tions a t LEP, via the  process e+e-  ^  e+e- Y*7 * ^  e+e-  hadrons , for which the  cross section 
is m any orders of m agnitude larger th a n  the  e+e-  annihilation cross section. The outgoing 
electron and positron  carry alm ost the  full beam  energy and the ir transverse m om enta are 
usually so small th a t they escape undetected  along the  beam  pipe. At the  LEP energies con­
sidered here, the  negative four-m om entum  squared of the  photons, Q 2, has an average value 
of (Q2) ~  0.2 GeV2. Therefore, the  photons may be considered as “quasi-real” . In the  Vector 
D om inance Model (VDM), each v irtual photon  can fluctuate into a vector meson, thus in iti­
ating  a strong in teraction process w ith  characteristics sim ilar to  hadron-hadron  interactions. 
This process dom inates in the  “soft” in teraction  region, where hadrons are produced w ith  a 
low transverse m om entum , p t . H adrons w ith  high p t are instead  m ainly produced by the  QED 
process 7 7  —► qq (direct process) or by QCD processes originating from the  partonic content 
of the  photon  (resolved processes).
F ragm entation m echanisms can be investigated in tw o-photon reactions. These processes 
are described phenomenologically. In the  Lund string  m odel [1], hadron  production proceeds 
th rough  the  creation of quark-antiquark  and  diquark-antid iquark  pairs during string  fragm en­
ta tion . Mesons and baryons are formed by colorless quark-antiquark  and quark-diquark  combi­
nations, respectively. An extension of this model, the  “simple popcorn m echanism ” [2 ], includes 
the  possibility of producing an additional meson between baryon-antibaryon pairs. The relative 
ra te  of occurrence of the  baryon-m eson-antibaryon configuration is governed by the  so called 
“popcorn param eter.” M any o ther param eters m ust be tuned  to  reproduce the  m easured hadron 
production  rate , such as the  strange-quark  suppression factor, the  diquark-to-quark production 
ra tio  or the  spin - 1  d iquark suppression factor.
In a sta tistica l model approach [3], hadronisation is described w ith  a reduced num ber of 
free param eters. Particles are produced in a purely s tatistical way from  a massive colour­
less gas which, for hadron  production in tw o-photon collisions, is com pletely specified by two 
param eters: the  energy density (or tem peratu re) and  a strange-quark suppression factor. In 
th is model, the  yield of different particles depends only on their masses, spins and  quantum  
numbers.
The L3 C ollaboration has previously m easured inclusive n 0, KS and  A production in quasi­
real tw o-photon collisions for a centre-of-mass energy of the two in teracting  photons, W YY, 
g reater th a n  5 GeV [4,5]. In th is Article this study is extended to  the  S - , S*(1530) and  Q-  
baryons1 . The d a ta  sample consists of a to ta l in tegrated  lum inosity of 610 p b -1 , collected w ith 
the  L3 detector [6 ] a t e+e_ centre-of-mass energies \ f s  =  189 — 209 GeV, w ith  a lum inosity 
weighted average value l\ \ f s )  =  198 GeV. Inclusive strange-baryon production has been exten­
sively studied in e+e-  annihilation processes [7], whereas in tw o-photon collisions only inclusive 
A production has been previously m easured a t lower ^/s  by the  TO PAZ C ollaboration [8 ].
H eavy-baryon detection techniques are also applied to  search for pen taquark  production  in 
tw o-photon interactions, using the  decay channel 9+ ^  pKS. Since th e  first observation of a 
narrow  resonance near 1540 MeV in the  K +n mass spectrum  [9], in terpreted  as the  pen taquark  
9+, experim ental evidence for and  against th is new sta te  has been accum ulated [10]. Second- 
generation experim ents have so far not confirmed the  existence of th is s ta te  [11]. No search in 
tw o-photon reactions has been perform ed yet.
1^ If not stated otherwise, the symbols A, and refer to both the A, and as well as A, S+ and
baryons. All charge-conjugate final-states are analysed.
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2 M onte Carlo sim ulation
The process e+e-  ^  e+e- hadrons  is m odelled w ith the  PY TH IA  [12] and  P H O JE T  [13] event 
generators w ith  twice the  statistics of the  data . In PY TH IA , each photon  is classified as direct, 
VDM or resolved, leading to  six classes of tw o-photon events. A sm ooth transition  between 
these classes is ob tained  by in troducing a pt param eter to  specify the  boundaries. The SaS- 
1D param etrization  is used for the  photon  parto n  density function [14]. Since b o th  incoming 
photons are assum ed to  be real in the  original program , PY TH IA  is modified to  generate a 
photon  flux according to  the  equivalent photon  approxim ation [15] w ith  an upper Q 2 cut a t the 
mass squared of the  rho meson.
P H O JE T  is a general purpose M onte Carlo which describes hadron-hadron, photon-hadron  
and  photon-photon  collisions. It relies on the  dual parto n  m odel combined w ith  the  QCD- 
im proved parto n  m odel [16]. The p t d istribu tion  of the  soft partons is m atched to  the  one 
predicted by QCD to  ensure a continuous transition  between hard  and soft processes. The two- 
photon  lum inosity function is calculated in the  formalism of Reference 15. The leading-order 
GRV param etrisa tion  is used for the  photon  parto n  density function [17].
In b o th  program s, m atrix  elements and hard  scattering  processes are calculated a t the 
leading order and higher-order term s are approxim ated by a parto n  shower in the  leading-log 
approxim ation. The fragm entation is perform ed w ithin the  Lund string fragm entation scheme 
as im plem ented in JE T S E T  [12], which is also used to  sim ulate the  hadronisation process. 
JE T S E T  param eters are tuned  by using hadronic Z decays [18]. In particu lar, the  strangeness- 
suppression factor is set to  0.3, whereas the  param eter governing the  ex tra  suppression of 
strange quarks in diquarks is fixed to  0.4 and the  d iquark-to-quark  production ra tio  to  0.10. 
The popcorn param eter is set to  0.5 and a value a S (m Z) =  0.12 is used for the  strong coupling- 
constant.
The following M onte Carlo generators are used to  sim ulate the  background processes: 
K K 2f [19] for the  annihilation process e+e-  —► q q ( 7 ); KORALZ [20] for e+e-  —► t + t - (7 ); 
KORALW  [2 1 ] for e+e-  ^  W + W -  and DIAG36 [2 2 ] for e+e-  ^  e+e- t +t - . The response 
of the  L3 detector is sim ulated using the  G EA N T [23] and GHEISHA [24] program s. Time- 
dependent detector inefficiencies, as m onitored during each data-tak ing  period, are included in 
the  sim ulations. All sim ulated events are passed th rough  the  same reconstruction program  as 
the  data.
3 T w o-photon  event selection
Tw o-photon in teraction events are m ainly collected by track  triggers [25], w ith a track  p t 
threshold  of about 150 MeV, and the  calorim etric energy trigger [26]. The selection of e+e-  ^  
e+e-  hadrons  events [27] is based on inform ation from the  central tracking detectors and  the 
electrom agnetic and  hadronic calorim eters. It consists of:
•  A m ultiplicity cut. To select hadronic final states, a t least six objects m ust be detected, 
where an  object can be a track  satisfying m inim al quality requirem ents or an  isolated 
cluster in the  BGO electrom agnetic calorim eter of energy greater th a n  100 MeV.
•  Energy cuts. The to ta l energy deposited in the  calorim eters m ust be less th a n  40% of 1/ s  
to  suppress events from  the  e+e-  —► qq(7 ) and e+e-  —► r +r - (7 ) processes. In addition, 
the  to ta l energy in the  electrom agnetic calorim eter is required to  be g reater th a n  500 MeV
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to  suppress beam -gas and beam -wall in teractions and  less th a n  50 GeV to  remove events 
from  the  annihilation process e+e_ —► qq(7 ).
•  An an ti-tag  condition. Events containing a cluster in the  lum inosity m onitor w ith an 
electrom agnetic shower shape, and energy greater th a n  30 GeV, are excluded from the 
analysis. The lum inosity m onitor covers the  polar angular region 31 m rad  < 9 < 62 m rad 
on b o th  sides of the  detector. In addition, events w ith an electron or positron scattered  
above 62 m rad  are rejected by the  cut on calorim etric energy.
•  A mass cut. The m ass of all visible particles, W vis, m ust be g reater th a n  5 GeV to 
exclude the  resonance region. In th is calculation, the  pion mass is a ttr ib u ted  to  tracks 
while isolated electrom agnetic clusters are trea ted  as massless.
A bout 3 million hadronic events are selected by these criteria w ith an  overall efficiency of 
45% for a tw o-photon centre-of-mass energy, W YY, g reater th an  5 GeV. The background level 
of this sample is less th a n  1 % and is m ainly due to  the  e+e_ —► qq(7 ) and  e+e_ —► e+e ~ r +r~  
processes. The backgrounds from beam -gas and  beam -wall in teractions are negligible.
4 Strange baryon selection
The A, S -  and  Q-  baryons are identified th rough  the  decays A ^  p n - , S -  ^  A n-  and Q-  ^  
AK- . Due to  the ir long lifetimes, the  com binatorial background can be strongly suppressed 
by selecting secondary vertices which are clearly displaced from  the  in teraction  point. The 
S* (1530) decays strongly into S - n+ and no corresponding displaced vertex can be observed.
The S - , Q-  and  S*(1530) final sta tes are reconstructed  by combining A candidates w ith 
pion or kaon candidates. The la tte r  are defined as tracks formed by a t least 30 hits in the 
central tracker out of a m axim um  of 62 and  a p t > 100 MeV. The probability  of the  pion or 
kaon hypothesis, based on the  d E / d x  m easurem ent in the  tracking cham ber, is required to  be 
g reater th a n  0 .0 1 .
4.1 A selection
The selection procedure is unchanged from  our previous publication [5]. The A identification is 
optim ized to  achieve a high efficiency and a good background suppression by selecting secondary 
decay vertices satisfying the  following conditions:
•  The distance dA in the  transverse p lane2) between the  secondary vertex and  the  e+e-  
in teraction  point m ust be g reater th a n  3 mm.
•  The angle a a between the  sum  p t vector of the  two tracks and  the  direction in the 
transverse plane between the  e+e-  in teraction point and the  secondary vertex m ust be 
less th a n  1 0 0  m rad.
The distribu tions of these variables are presented in Figure 1. G ood agreem ent between d a ta  
and  M onte Carlo is observed. The pro ton  is identified as the  track  w ith the  largest m om entum , 
an  assignm ent shown by M onte Carlo to  be correct more th a n  99% of the  tim e. The d E /d x
2)The transverse plane is defined as the plane transverse to the beam direction.
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m easurem ents in the  central tracking cham ber m ust be consistent w ith  this assignm ent, a 
probability  g reater th a n  0 . 0 1  for b o th  the  pro ton  and the  pion candidates being required.
The d istribu tion  of the  corresponding invariant mass of the  pn  system , m (pn ), is shown 
in Figure 2 a . A clear A peak over a sm ooth background is visible, com patible w ith the  A 
baryon mass, m A =  1115.68 ±  0.01 MeV [7]. The resolution of the  signal, abou t 3 MeV, is 
well reproduced by M onte Carlo sim ulation. The m ( p 7r) mass spectrum  for the  p n _ and  p 7r+ 
com binations are shown in Figure 2b and  2c, respectively. The num bers of A baryons for 
different p t and  |n| bins are given in Tables 1 and  2. They are determ ined by a fit in which the  
signal is modelled by a G aussian and the  background by a fourth-order Chebyshev polynom ial. 
Consistent values of the  fitted  mass and  w idth  are found for the  different pt and  |n| bins.
4.2 S -  selection
The S -  baryons are reconstructed  by combining A candidates w ith pion candidates. For the 
identification of S -  and Q-  baryons, different criteria are used to  select secondary vertices 
produced by A decays. The distance dA is required to  be g reater th a n  5 m m  and the  angle a A 
less th a n  200 m rad, as shown in Figure 3a and 3b. The o ther cuts are left unchanged. The 
d istribu tion  of the  resulting invariant mass m (pn) is displayed in Figure 3c and shows a clear A 
peak. The 76000 pn  com binations th a t lie in the  mass interval 1.105 GeV <  m (pn) <  1.125 GeV 
are retained. To reduce the  com binatorial background, the  following criteria are applied:
•  the  distance of closest approach (DCA) in the  transverse plane of the  S -  decay pion to  
the  e+e-  in teraction  point, dn , m ust be g reater th a n  1  mm.
•  the  distance in the  transverse plane between the  An vertex and  the  e+e-  in teraction point, 
ds , is required to  be g reater th an  dA.
•  the  angle a s  between th e  p t vector of the  An com bination and the  direction in the  tran s­
verse plane between the  e+e-  in teraction point and the  An vertex has to  be less th a n  1 0 0  
m rad.
D istributions of the  difference dA — ds and  of the  angle a s  are displayed in Figure 4 and 
exhibit a good agreem ent w ith the  M onte Carlo predictions.
The d istribu tion  of the  mass of the  An system, m (A n), is displayed in Figure 5 for the  A n-  
and  A n+ com binations, respectively. Figure 6  shows the  m ( An) spectrum  for the  different p t 
bins listed in Table 1. A clear S -  peak is visible over a sm ooth background, com patible w ith  the 
m easured S -  mass, m s -  =  1321.31 ±  0.13 MeV [7]. The resolution of m (A n), abou t 7 MeV, is 
well reproduced by M onte Carlo sim ulation. The num ber of S -  baryons in each p t and  |n| bin is 
evaluated by m eans of a fit to  the  m (A n) spectrum  in the  interval 1.26 GeV <  m (pn) <  1.4 GeV. 
The signal is m odelled w ith  a G aussian and  the  background by a fourth-order Chebyshev 
polynom ial. The results are listed in Tables 1 and  2.
4.3 S*(1530) selection
The S*(1530) baryons are identified by reconstructing the  decays S*(1530) ^  S - n+ and 
S*(1530) —► S +n - . The S -  candidates w ith a mass of ± 15  MeV around the  nom inal S -  
mass are combined w ith  pion candidates. As the  la tte r  are produced a t the  e+e-  in teraction 
point, the ir DCA m ust be less th an  5 mm. To com pare the  S *(1530) production  to  o ther strange
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baryons, the  m easurem ent is restric ted  to  the  kinem atical region: 0.4 GeV <  pt <  2.5 GeV, 
|n| <  1.2. The d istribu tion  of the  invariant mass of the  S n  system, m (S n ), is shown in Figure 
7a for opposite-charge (S _ 7r+ and  S +7r_ ) and  same-charge (S _ 7r_ and  S +7r+ ) com binations. 
The num ber of same-charge com binations is norm alized to  th a t of opposite-charge com bina­
tions in the  region m (S n ) >  1.7 GeV. An excess corresponding to  the  S*(1530) is observed in 
the  opposite-charge spectrum  close to  the  nom inal mass m s *(1 5 3 0 ) =  1531.80 ±  0.32 MeV [7]. 
The num ber of S*(1530) baryons is determ ined by m eans of a fit to  the  mass spectrum  in the 
region 1.47 GeV <  m (S n ) <  1.90 GeV, as shown in Figure 7b. The signal is m odelled w ith  a 
G aussian and the  background is param etrized by a threshold  function of the  form:
a(m (3 n) -  mo)b exp c(m (Sn) -  mo) +  d(m (Sn) -  mo ) 2 
where a, b, c, d and m 0  are free param eters. The results are given in Table 1.
4.4 Search for Q
Since th e  topology of the  Q-  ^  AK-  decay is sim ilar to  th a t of S -  ^  A n- , the  selection 
criteria  are identical except th a t kaon candidates are combined w ith A candidates instead of 
pion candidates. The corresponding m (A K) spectrum  is displayed in Figure 8 . No signal is 
observed around the  nom inal mass of the  Q-  baryon, m ^ - =  1672.45 ±  0.29 MeV [7]. The 
expected signal, as predicted  by P H O JE T , is found to  be alm ost negligible.
5 R esu lts and system atic  uncertainties
The cross sections for A, S -  and S*(1530) production  are m easured for WYY >  5 GeV, w ith 
a m ean value (WYY) =  30 GeV, and  a photon  v irtuality  Q 2 <  8  GeV2 w ith  (Q2) ~  0.2 GeV2. 
This k inem atical region is defined by cuts a t M onte Carlo generator level.
The overall efficiencies for detecting A, S -  and  S*(1530) baryons as a function of p t and 
|n| are listed in Tables 1 and 2. They include reconstruction and trigger efficiencies as well 
as branching fractions for the  decays S*(1530) ^  S - n+, S -  ^  A n-  and A ^  p n - : 67%, 
100% and 64%, respectively [7]. The reconstruction efficiencies, which include effects of the 
acceptance and the  selection cuts, are calculated w ith the  P H O JE T  and PY T H IA  M onte Carlo 
generators. As b o th  generators reproduce well the  shapes of the  experim ental d istributions of 
hadronic tw o-photon production  [27], the  average selection efficiency is used. The track-trigger 
efficiency is calculated for each data-tak ing  period by com paring the  num ber of events accepted 
by the  track  triggers and the  independant calorim etric-energy triggers. The efficiency of the 
higher level triggers is m easured using prescaled events. The to ta l trigger efficiency varies from 
82% for p t <  0.4 GeV to  85% in the  high p t region.
The differential cross sections d a /d p t , d a /d p f  and  d a /d |n | for the  reactions e+e-  ^  e+e-  AX 
and e+e-  ^  e+e- S - X are given in Table 1 and  Table 2 , respectively. The m ean num ber of A, 
S -  and S*(1530) baryons per hadronic tw o-photon event is m easured in the  region 0.4 GeV <  
p t <  2.5 GeV, |n| <  1.2 and WYY >  5 GeV, as sum m arized in Table 3 . Finally, the  ra tio  of 
A to  A and S -  to  S  baryons are determ ined from  the  respective mass spectra. They are 
found to  be N (A )/N (A ) =  0.99 ± 0 .0 4  and N (S +) /N (S - ) =  0.96 ± 0 .1 4 , where the  uncertainties 
are statistical. These results are in agreem ent w ith the  value of 1.0 expected for baryon pair 
production  in tw o-photon reactions.
The following sources of system atic uncertainties are considered: selection procedure, back­
ground subtraction , lim ited M onte Carlo statistics, M onte Carlo modelling and  the  accuracy
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of the  trigger efficiency m easurem ent. Their contributions to  the  cross section m easurem ents 
are detailed in Table 4.
The uncertain ties associated to  the  selection criteria are evaluated by changing the  corre­
sponding cuts and  repeating  the  fitting  procedure. The A selection uncertain ty  is dom inated by 
the  secondary vertex identification while the  largest uncertain ty  for the  S -  channel, about 9%, 
arises from  the  An vertex reconstruction. The uncertain ty  due to  the  e+e-  ^  e+e-  hadrons 
event selection is less th a n  1 %.
The uncertain ty  due to  background sub traction  is assessed by using different background 
param eterizations and  fit intervals in the  fitting  procedure. The M onte Carlo modelling uncer­
tainty, taken as half the  relative difference difference between P H O JE T  and  PY TH IA , varies 
between 1 % and 14% whereas the  uncertain ty  associated to  the  lim ited M onte Carlo statistics 
varies from  1 % for A to  18% for S*(1530). A system atic uncertain ty  of 2 % is assigned to  the 
determ ination  of the  trigger efficiency, which takes into account the  determ ination  procedure 
and  tim e stability.
6 C om parison w ith  M onte Carlo and th eoretica l m odels
The differential cross sections d a /d p f  (e+e-  ^  e+e- AX) and d a /d p ^ e + e -  ^  e+e- S - X) for 
|n| <  1.2 are presented in Figure 9a . The behaviour of the  cross sections is well described 
by an exponential of the  form A exp(—ap f) in the  region 0.16 GeV2 <  pf <  1.69 GeV2 w ith 
a =  1.78 ±  0.16 GeV - 2  and  a =  1.68 ±  0.35 GeV - 2  for A and  S -  production, respectively. 
These two values are com patible w ith each other, as expected from  the  Lund string model. 
The region 1.69 GeV2 <  pf <  6.25 GeV2 is b e tte r  reproduced by a power law of the  form  A p -b 
w ith  b =  5.2 ±  0.2 and b =  4.2 ±  0.9 for A and S -  baryons, respectively.
The differential cross sections d a /d p t (e+e-  ^  e+e- AX) and  d<r/dpt (e+e-  ^  e+e- S - X) for 
|n| <  1.2 are displayed in Figure 9b. Phase-space suppression explains the  lower values obtained 
in the  first bins. The behaviour of the  cross sections is well described by an exponential of the 
form  A ex p (—pt /(p t)) in the  region 0.75 GeV <  p t <  2.5 GeV w ith  a m ean value (pt ) =  368 ±
17 MeV for A production  and in the  range 0.7 GeV <  p t <  2.5 GeV w ith  (pt) =  472±98 MeV for 
S -  form ation. These values are larger th a n  those obtained  for inclusive n 0  and KS production: 
(pt ) ~  230 MeV and (pt ) ~  290 MeV, respectively [4].
The d a ta  are com pared to  the  P H O JE T  and PY TH IA  M onte Carlo predictions in Figure 
10a. B oth  M onte Carlo program s fail to  reproduce the  shape and the  norm alization of the  A 
cross section. A b e tte r  agreem ent can be achieved by adjusting  the  w idth  aq in the  G aussian 
pt d istribu tion  for prim ary hadrons produced during the  fragm entation. As shown in Figure 
10b, the  predictions obtained  w ith PY TH IA  for A production  using a value aq =  0.546 GeV 
reproduce much b e tte r  the  d a ta  th a n  those w ith  the  default value aq =  0.411 GeV. On the 
o ther hand, an  increase of the  w id th  of the  p t d istribu tion  of quarks inside initial photons 
does not improve the  description of the  m easured spectra. Similar trends are observed w ith 
P H O JE T .
The differential cross sections as a function of |n| are displayed in Figure 11a and 11b. 
B oth  M onte Carlo program s describe well the  alm ost-uniform  |n| shape, while the  size of the  
discrepancy on the  absolute norm alization depends on the  p t range.
The m ean num bers of A, S -  and S*(1530) baryons per hadronic tw o-photon event are 
ex trapo la ted  from the  m easured phase-space to  the  full p t and  |n| range using the  PY TH IA  
M onte Carlo w ith  the  ad justed  value aq =  0.546 GeV. The uncertain ty  on the  ex trapolation  
factors propagates to  the  results as an  additional system atic uncertainty. It arises m ainly from
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the  modelling of the  tw o-photon reaction and fragm entation processes. The contribution due to  
fragm entation, abou t 7%, is estim ated  using an  independent fragm entation model [28] instead 
of the  Lund string scheme to  sim ulate baryon production  as well as varying the  param eters 
of these models. The tw o-photon modelling uncertainty, taken as the  difference between the 
ex trapo lation  factors estim ated  by PY TH IA  and P H O JE T , is found to  be 3%. The results are 
sum m arized in Table 3 together w ith the  predictions of PY TH IA  and PH O JE T . B oth  M onte 
Carlos overestim ate the  A and S -  m ean num bers, the  discrepancy being less pronounced in 
PY TH IA  th a n  in P H O JE T . A b e tte r  agreem ent is obtained  by decreasing the  strange-quark  
suppression factor by a few percent. These ex trapo la ted  m ean num bers can be converted to  
inclusive cross sections by m ultiplying them  for the  to ta l tw o-photon hadronic cross section 
m easured w ith the  same detector as discussed in Reference [27].
The predictions of the  therm odynam ical model of Reference 3 are displayed in Figure 12 as 
a function of the  strangeness suppression factor ys, using as energy density the  value p =  0.4 [3]. 
Overall agreem ent is observed for a Ys in th e  vicinity of Ys =  0.7, which is sim ilar to  the  value 
ex tracted  from e+e-  annihilation events [29].
As suggested in Reference 30, the  m ean num bers (n) of octet and decuplet baryons can also 
be param etrized  by a function of the  form:
(n) =  a (2 J  +  1 ) / ( 2 1  +  1 ) exp (—bm2)
where I ,  J, m  are respectively the  isospin, 
and  a, b are free param eters. The ratios
ota l angular m om entum  and mass of th e  baryons 
(2 J  +  1)/(21  +  1) (n) are displayed in Figure 13
together w ith  the  d a ta  m easured in e+e_ collisions a t i / s  =  10 GeV and i / s  =  91 GeV [7]. A 
fit to  our d a ta  gives b =  4.5 ±  0.9, a value com patible w ith  the  exponents b =  4.3 ±  0.6 and 
b =  4.0 ±  0.1 obtained  for e+e_ reactions a t i / s  =  10 GeV and i / s  =  91 GeV, respectively. 
This provides evidence for the  universality of fragm entation processes in tw o-photon and e+e-  
reactions.
7 Search for th e  0 +  pentaquark
A 0+3) M onte Carlo consisting of pentaquarks mixed w ith large samples of hadronic two- 
photon  events is used to  study the  kinem atics of the  0 + decay products and estim ate the  signal 
efficiency. In this M onte Carlo the  pentaquarks are generated w ith  a mass of 1.54 GeV and a 
w idth  of 1 MeV. The transverse m om entum  and pseudo-rapidity d istributions predicted by the 
PY TH IA  event generator for inclusive S* (1530) production are taken to  m odel the  unknown 
d istributions of the  pentaquarks. As these d istributions are very sim ilar for different low mass 
baryons, the  sim ulated acceptance is expected to  be quite insensitive to  the  choice of a particu lar 
baryon. The 0+ —► pKg decay is assum ed to  be isotropic. The Kgp and Kgp mass distributions, 
calculated a t the  generator level, show no evidence of a narrow  peak close to  1540 MeV. This 
indicates th a t no reflections from known decay modes could generate a fake 0 + signal.
7.1 Event selection
The 0+ candidates are reconstructed  using the  decay 0+ ^  pKS. Events are selected if they 
contain a t least one track  coming from the  e+e-  in teraction  point and a KS decaying into n + n -  
a t a secondary vertex. The KS selection proceeds as follows:
3)lf not stated otherwise, the symbols 0+ refers to 0+ and 9 as both charge-conjugate final-states are 
analysed.
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•  Each track  is required to  have more th a n  12 hits out a m axim um  of 62 and p t >  100 MeV.
•  The d E /d x  m easurem ent of b o th  pion candidates m ust be consistent w ith  th is hypothesis 
w ith  a probability  g reater th a n  0 .0 1 .
•  The distance in th e  transverse plane between the  secondary vertex and  the  e+e-  in terac­
tion  point m ust be g reater th a n  5 mm.
•  The angle between the  sum  pt vector of the  two tracks and the  direction in the  transverse 
plane between the  prim ary in teraction point and the  secondary vertex m ust be less th an  
75 m rad.
The d istribu tion  of the  effective mass of the  n n  system, m (n n ), is shown in Figure 14. A 
clear KS peak is present over a sm ooth background. The spectrum  is fitted  w ith  two Gaussian 
functions and  a second order polynom ial for the  background. A central value of 497.6± 0.1 MeV 
is obtained  for the  peak, which agrees w ith  the  expected value of 497.7 MeV [7]. To search for 
0+, the  KS candidates are selected w ithin an interval of ± 20  MeV around the  central value of 
the  peak, corresponding to  140000 KS candidates w ith  a purity  of 69%.
The pro ton  and an tip ro ton  candidates are tracks w ith a t least 30 hits out of a m axim um  
of 62 and a DCA less th a n  5 mm. In addition, the  d E /d x  m easurem ent in the  central tracker 
m ust be consistent w ith  the  pro ton  hypothesis w ith  a probability  g reater th an  0.05. To reject 
kaons and pions, the  probability  of each of these hypothesis m ust be less th a n  0.01. A to ta l of 
7131 selected protons and  5340 an tipro tons are selected. Their d E /d x  m easurem ent is shown 
in Figure 15 together w ith  theoretical the  expectations based on the  Bethe-Bloch formula. The 
purity  of the  selected sample is g reater th a n  96%. The excess of protons, due to  secondary 
interactions between particles and the  detector, is well reproduced by the  M onte Carlo.
The resulting pKg and pKg m ass spectra, m (pK g), are shown in Figure 16a and 16b respec­
tively. Since no d istinct s truc tu re  due to  the  excess of protons is observed, the  two spectra  are 
combined in the  following.
7.2 R esults
An upper lim it for the  num ber of e+e-  ^  e+e- 0+X events a t 95% confidence level is derived 
w ith  a fit to  the  m(pKS) mass spectrum . To minimize the  effect of the  binning and the 
choice of the  fitting interval, an  unbinned m axim um  likelihood fit is perform ed in the  range 
1.45 GeV <  WYY <  1.8 GeV. The likelihood function is w ritten  as:
L =  p  ■ g (m (pKS)) +  ( 1  -  p ) ■ b(m (pKS))
where p  denotes the  fraction of signal events inside the  fitted  region. The background, b(m(pKo)), 
is param etrized  by a fourth-order polynom ial and the  signal by a G aussian d istribution, g(m (pKo)). 
The resolution of the  expected signal is determ ined from  M onte Carlo to  be 14.0 ±  0 . 6  MeV. 
The resulting fit is displayed in Figure 17 and yields a fraction of signal events com patible w ith 
zero: p  =  -0 .0 0 6  ±  0.007. R estricting the  m easurem ent to  the  physical region p  >  0, an upper 
lim it of 59.3 events a t 95% confidence level is derived.
The 0+ selection efficiency is estim ated  to  be 1.0%, including a branching fraction KS ^  
n + n -  of 69% [7]. The branching ra tio  0+ ^  pKS is set to  1/4, accounting for com petition w ith 
b o th  the  K +n and  K^p channels. The overall trigger efficiency is m easured to  be 83%.
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The m ean num ber of 0+ pen taquark  per hadronic tw o-photon event ex trapo la ted  to  the  full 
phase-space for W7 7  >  5 GeV is found to  be less th a n  4.0 x 10- 3  a t 95% confidence level. The 
system atic uncertain ty  arising from  the  selection procedure is evaluated by varying the  cuts 
and  repeating  the  fitting  procedure. The contribution of the  KS reconstruction is estim ated  to  
be 9% whereas an  uncertain ty  of 4% is associated w ith pro ton  identification. The uncertain ty  
due to  0 + modelling, determ ined by using the  p t and  pseudo-rapidity  d istributions of different 
baryons in the  0+ generation, is found to  be 9%. The effect of a non-isotropic 0+ ^  pKS decay 
on the  efficiency is estim ated  using an  angular d istribu tion  of th e  form 1  — cos2 a ,  where a  is 
the  angle of the  pro ton  in the  0+ centre-of-mass system. The associated system atic uncertain ty  
is found to  be 6 %. Lim ited M onte Carlo statistics introduces an additional uncertain ty  of 
5%. The sum  in quadratu re  of these contributions yields a to ta l system atic uncertain ty  of 16%. 
Including this uncertain ty  in the  determ ination  of the  num ber of 0+ pen taquark  per tw o-photon 
hadronic event gives
(n0+) <  4.7 x 10- 3
a t 95% confidence level. This result is about four tim es g reater th a n  the  m ean S*(1530) 
m ultiplicity: a baryon w ith alm ost the  same mass. This difference is m ainly due to  the  stringent 
cuts applied to  pro ton  selection, resulting in a sm aller selection efficiency th a n  th a t of the 
S*(1530) baryon, as well as the  low branching ra tio  0+ ^  pKS, considered as half of th a t of 
the  decay S*(1530) ^  A n- n+ ^  p n - n - n+.
Using the  tw o-photon cross-section for W7 7  >  5 GeV, a 7 7  =  39 7 nb [27], a 95% C.L. upper 
lim it on the  cross section 7 7  ^  0+X  of 1.8 nb is obtained. This result is com parable to  the 
upper lim it obtained  by the  photoproduction  experim ent in the  reaction 7 p —► K°9+ [11],
As a cross check, several subsets of the  selected pKS samples were investigated using tigh ter 
selection criteria. The KS selection interval was reduced to  ± 10  MeV, the  DCA of pro ton  and 
an tipro tons candidates was required to  be less th a n  3 m m  or secondary vertices com patible 
w ith  the  A mass hypothesis were rejected. Since strangeness is a conserved quantity  in strong 
interactions, the  presence of an  additional kaon was also required. No significant 0+ signal was 
observed in any of these samples.
8 C onclusion
The production  of A, S -  and S* (1530) baryons in tw o-photon collisions is studied in the  range
0.4 GeV <  p t <  2.5 GeV, |n| <  1.2 and W7 7  >  5 GeV. The shape of the  differential cross 
section for A and S -  production  is relatively well reproduced by the  PY TH IA  and P H O JE T  
M onte Carlo program s using param eters tuned  a t 1/ s  =  rriz although a b e tte r  agreem ent 
can be obtained  for A by increasing the  w id th  in the  gaussian pt d istribu tion  for prim ary 
hadrons. The m ean num bers of A, S -  and S*(1530) baryons per hadronic tw o-photon event 
are found to  be slightly below the  PY TH IA  and P H O JE T  predictions bu t overall agreem ent 
w ith  the  therm odynam ical m odel is observed. The com parison between m easurem ents obtained 
in tw o-photon events and e+e-  annihilation processes provides evidence for the  universality of 
fragm entation functions in b o th  reactions.
Finally, a search for the  pen taquark  0+ (1540) th rough  the  decay 0+ ^  pKS for W7 7  >  5 GeV 
is presented. No evidence for 0+ production  is found and a 95% confidence level upper lim it 
on the  m ean num ber of 0 + per tw o-photon hadronic event a t a level of four tim es the  observed 
ra te  for the  S*(1530) baryon is derived.
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Pt
(GeV)
(Pt) 
(GeV)
<P?>
( GeV2)
Number of 
baryons
Efficiency
(%)
d<r /  dp t 
(pb / GeV)
d<r /  dp2 
(pb / GeV2)
A baryon
0.4—0.6 
0.6—0.8 
0.8—1.0
1.0-1.3 
1 .3-1.6 
1.6—2.0
2.0—2.5
0.50
0.69
0.89
1.12
1.43
1.77
2.21
0.25
0.48
0.79
1.27
2.05
3.14
4.92
3412 ±  71 
4408 ±  85 
3420 ±  81 
3201 ± 8 7  
1222 ±  55 
578 ±  41 
292 ±  25
10.2 ±  0.1
13.7 ±  0.1 
15.3 ±  0.2
16.8 ±  0.2 
17.7 ±  0.4 
15.9 ± 0 .6  
17.2 ±  1.3
273.1 ±  5.7 ±  35.7
264.1 ±  5.1 ±  29.1 
183.3 ±  4.4 ±  15.3 
103.9 ±  2.8 ±  7.8
37.8 ±  1.7 ±  3.1 
15.0 ±  1.1 ±  1.4 
5.6 ±  0.5 ±  1.2
273.1 ±  5.7 ±  35.7 
188.7 ±  3.6 ±  20.8 
101.9 ±  2.4 ±  8.5 
45.2 ±  1.2 ±  3.4 
13.0 ±  0.6 ±  1.1
4.2 ±  0.3 ±  0.4
1.2 ±  0.1 ±  0.3
S baryon
0 .4 -0 .7  
0 .7 -1 .0  
1.0-1.3 
1.3-2.5
0.55
0.83
1.13
1.67
0.31
0.70
1.27
2.88
70 ±  10 
113 ±  12
83 ±  12 
94 ±  19
3.4 ±  0.2 
7.1 ± 0 .3
9.7 ±  0.8
8.8 ± 0 .9
11.3 ±  1.7 ±  1.7
8.7 ±  1.2 ±  1.2
4.7 ±  0.8 ±  0.8 
1.5 ±  0.3 ±  0.3
10.3 ±  1.5 ±  1.6 
5.1 ±  0.6 ±  0.7 
2.0 ±  0.3 ±  0.3 
0.4 ±  0.1 ±  0.1
S*(1530) baryon
0.4—2.5 0.82 0.84 56 ± 1 3  3.8 ± 0 .6 1.4 ±  0.3 ±  0.5 0.5 ±  0.1 ±  0.2
Table 1: The average transverse m om entum  (pt ) , the  average transverse m om entum  squared 
(pf ), the  num ber of baryons estim ated  by the  fits to  the  A, S -  and  S*(1530) mass spectra, the 
detection efficiency and  the  differential cross sections d a / d rp t and  d a /d p f  for inclusive A, S ­
and  S*(1530) production  as a function of p t for |n| <  1.2. The first uncertain ty  on the  cross 
sections is sta tistica l and  the  second system atic.
M <M> Number of 
baryons
Efficiency
(%)
da/d\r j\
(pb)
A baryon 0.4 GeV < p t < 1.0 GeV
0 .0 - 0 .3 
0 .3 -0 .6  
0.6—0.9 
0 .9 -1 .2
0.15
0.45
0.75
1.05
2953 ±  72 
2742 ±  63 
2904 ±  70 
2774 ±  89
13.8 ±  0.2 
13.4 ±  0.2
13.0 ±  0.2
1 1 . 1  ±  0 . 1
58.6 ±  1.4 ±  3.4 
56.1 ±  1.3 ±  3.2
61.0 ±  1.5 ±  4.1
68.0 ±  2.2 ±  8.4
A baryon 1.0 GeV < p t < 2.5 GeV
0 .0 - 0 .3 
0 .3 -0 .6  
0.6—0.9 
0 .9 -1 .2
0.15
0.45
0.75
1.05
1458 ±  60 
1411 ±  62 
1480 ±  62 
1007 ± 6 2
18.8 ± 0 .5
18.2 ±  0.4
19.3 ± 0 .5
14.3 ±  0.4
21.2 ±  0.9 ±  1.6
21.2 ±  0.9 ±  1.6 
20.9 ±  0.9 ±  1.6
19.3 ±  1.2 ±  2.7
S baryon 0.z GeV <  p t < 2.5 GeV
0.0—0.4 
0.4—0.8 
0 .8 - 1 .2
0.20
0.60
1 . 0 1
110 ±  14 
114 ±  13 
109 ±  15
6.7 ±  0.3 
6.1 ±  0.2 
5.5 ± 0 .2
6.9 ±  0.9 ±  1.0 
8 . 0  ±  1 . 0  ±  1 . 0  
7.6 ±  1.1 ±  1.2
Table 2: The average pseudo-rapidity  ( |n |), th e  num ber of baryons estim ated  by the  fits to  the 
A and S -  mass spectra, the  detection efficiency and  the  differential cross sections d a /d |n | for 
inclusive A and S -  production  as a function of |n|. The first uncertain ty  on the  cross sections 
is sta tistica l and  the  second system atic.
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D ata PYTHIA PH O JET
0.4 GeV <  pt < 2.5 GeV, \rj\ <  1.2 and W~,n  > 5 GeV
( n s - )
(IT'S* (1530))
(1.6 ± 0 .1 ) x 10-2 
(7.6 ±  1.0) x 10-4 
(2.3 ±  1.0) x 10-4
(1.43 ±  0.01) x 10-2 
(8.61 ±  0.11) x 10-4 
(1.37 ±  0.04) x 10-4
(1.80 ±  0.01) x 10-2 
(11.5 ±  0.10) x 10-4 
(1.91 ± 0 .03 ) x 10-4
D ata PYTHIA PH O JET
W Ti > 5 GeV
(ns~ )
(^3*(1530))
( 7.6 ± 0 .8 ) x 10“ 2 
( 3.7 ± 0 .5 ) x 10“ 3 
(11.8 ±  5.2) x 10“4
(8.51 ± 0 .01 ) x IO“ 2 
(5.17 ±  0.02) x IO“ 3 
(8.65 ± 0 .09 ) x IO“4
(1.11 ± 0 .0 1 ) x IO“ 1 
(7.29 ± 0 .0 9 ) x IO“3 
(12.4 ±  0.10) x IO“3
Table 3: The mean number of A, S -  and S*(1530) baryons per hadronic two-photon event for 
the measured p t and \n\ phase-space (top) and its extrapolation (bottom) to the full pt and 
[q\ range. The uncertainty on data  includes both  the statistical and systematic contributions 
whereas the uncertainty on the Monte Carlo predictions is statistical.
Pt
(GeV)
Selection
criteria
Background
subtraction
Monte Carlo 
statistics
Monte Carlo 
modelling
Total
A baryon
0 .4 -0 .6 4.2 12.1 0.9 1.4 13.1
0 .6 -0 .8 4.2 9.8 0.9 1.6 11.0
0 .8 -1 .0 4.2 6.6 1.2 1.9 8.4
1 .0-1 .3 4.2 5.3 1.4 2.1 7.5
1 .3-1 .6 4.2 5.8 2.4 2.4 8.2
1 .6-2 .0 4.2 6.4 3.5 2.8 9.1
2 .0-2 .5 4.2 19.4 7.5 4.8 21.8
S baryon
0 .4 -0 .7 10.3 8.7 5.8 3.1 15.1
0 .7 -1 .0 10.3 7.5 4.8 2.4 14.0
1 .0-1 .3 10.3 9.1 8.3 3.3 16.5
1 .3-2 .5 10.3 12.3 10.4 6.3 19.5
S*(1530) baryon
0 .4 -2 .5 19.2 24.6 16.5 13.6 37.9
Table 4: Systematic uncertainties in percent on the cross section of the e+e-  ^  e+e- AX, 
e+e-  ^  e+e- S - X and e+e-  ^  e+e- S*(1530)X processes due to selection criteria, background 
subtraction, limited Monte Carlo statistics, Monte Carlo modelling and trigger efficiency as a 
function of p t for |n| <  1.2. The to tal systematic uncertainty, taken as the quadratic sum of 
the different contributions, includes a constant contribution of 2% due to the determ ination of 
the trigger efficiency.
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Figure 1: Distribution of the variables used to select secondary vertices from inclusive A pro­
duction: a) the distance in the transverse plane between the secondary vertex and the e+e-  
interaction point, dA, and b) the angle between the sum p t vector of the two tracks and the di­
rection in the transverse plane between the interaction point and the secondary vertex, a A. All 
other secondary vertex selection criteria are applied. The predictions of the PH O JET Monte 
Carlo are shown as the solid lines and the contribution due to A baryons as the dashed lines. 
The Monte Carlo distributions are normalized to the data  luminosity.
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Figure 2: The mass of the pn system for the inclusive A selection for a) A and A candidates, b) A candidates and c) A candidates. The 
signal is modelled with two Gaussians and the background by a fourth-order Chebyshev polynomial.
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Figure 3: D istribution of the variables used to select secondary vertices from A produced in S -  and Q-  decays: a) the distance in the 
transverse plane between the secondary vertex and the e+e-  interaction point, dA, and b) the angle between the sum pt vector of the 
two tracks and the direction in the transverse plane between the interaction point and the secondary vertex, a A. All other secondary 
vertex selection criteria are applied. The predictions of the PH O JET Monte Carlo are shown as the full line and the contribution due to 
A baryons as the dashed line. c) The mass of the pn system for A baryons produced in S -  and Q-  decays. The signal is modelled with 
two Gaussians and the background by a fourth-order Chebyshev polynomial. Only the combinations in the ±10 MeV mass window 
indicated by the arrows are retained to reconstruct S -  and Q-  baryons. The Monte Carlo distributions are normalized to the data 
luminosity.
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Figure 4: Distribution of the variables used for the selection of S -  baryons: a) the difference 
dA — ds  of the A and S -  vertex distances from the interaction point and b) the angle a s 
between the pt vector of the An combination and the direction in the transverse plane between 
the prim ary interaction point and the An vertex. In each plot, all other selection criteria 
are applied. The predictions of the PH O JET Monte Carlo are shown as the full line and 
the contribution due to S -  baryons as the dashed line. The Monte Carlo distributions are 
normalized to the data  luminosity.
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m(Aflf) (GeV) m(Ap+) (GeV)
Figure 5: The mass spectrum of the An system for a) S -  and b) S + candidates for 0.4 GeV < 
p t < 2.5 GeV and |n| <  1.2. The signal is modelled with a Gaussian and the background by a 
fourth order Chebyshev polynomial.
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Figure 6: The mass of the An system for a) 0.4 GeV < p t < 0.7 GeV, b) 0.7 GeV < p t <
1.0 GeV, c) 1.0 GeV < p t < 1.3 GeV and d) 1.3 GeV < p t < 2.5 GeV. The signal is modelled 
with a Gaussian and the background by a fourth-order Chebyshev polynomial.
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m(Sp) (GeV) m(Sp) (GeV)
Figure 7: a) The mass of the Sn system for opposite charge (S_7r+ and S +7r_ ) and same-charge 
(S_7T_ and S +7r+) combinations. The number of same-charge combinations is normalized 
to th a t of opposite-charge combinations in the region >  1.7 GeV. A signal consistent 
with S*(1530) production is observed. b) Fit to the mass spectrum of the opposite-charge 
combinations. The signal is modelled with a Gaussian and the background by a threshold 
function.
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m(LK) (GeV)
Figure 8: The mass of the AK system. No Q-  signal is observed around the mass of 1.67 GeV. 
The predictions of the PH O JET Monte Carlo are shown as the full line and the contribution 
due to Q-  baryons as the dashed histogram. The Monte Carlo distributions are normalized to 
the data  luminosity.
Pt2 (GeV2) pt (GeV)
Figure 9: a) Differential cross sections d a /d p  for the e+e-  ^  e+e- AX and e+e-  ^  e+e- S - X 
processes for |n| <  1.2. b) Differential cross sections d a /d p t for the e+e-  ^  e+e- AX and 
e+e-  ^  e+e- S - X processes for |n| <  1.2. The various fits are described in the text.
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Figure 10: The differential cross section as a function of p t for A and S -  production for 
|n| <  1.2 compared with a) the predictions of the PH O JET and PYTHIA Monte Carlo, and 
b) the predictions of the PYTHIA Monte Carlo using the default value for the width a q in 
the Gaussian p t distribution on prim ary hadrons a q =  0.411 GeV as well as the adjusted value 
a q =  0.55 GeV.
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Figure 11: The differential cross section as a function of |n| for a) inclusive A production for 
0.4 GeV <  pt <  1.0 GeV and 1.0 GeV < p t <  2.5 GeV and b) for inclusive S -  production for 
0.4 GeV <  p t <  2.5 GeV. The predictions of the PH O JET and PYTHIA programs are also 
shown.
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Figure 12: The extrapolated mean multiplicities (n) of A, S -  and S*(1530) baryons per two- 
photon event for W77 > 5 GeV (horizontal bars) compared to the predictions of the therm ody­
namical model as a function of the strangeness suppression factor, ys, using as energy density 
the value p =  0.4 (symbols).
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Figure 13: Weighted mean multiplicities (2 J +  1)/(21 +  1) (n) as a function of the square 
of the baryon masses measured in two-photon reactions (solid circles) together with the data 
obtained in e+e_ collisions at i /s  =  10 GeV (open squares) and i /s  =  91 GeV (open circles). 
The lines correspond to the fits described in the text.
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m(pp) (GeV)
Figure 14: The effective mass of the nn  system. The signal is modelled with two Gaussian 
functions and the background by a second-order polynomial. About 140000 KS candidates are 
found in a ±20 MeV window around the central value of the peak and used in the search for 
the 0+ pentaquark.
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Figure 15: The d E /d x  measurement as a function of the momentum for the selected a) protons 
and b) antiprotons, together with the calculations of the Bethe-Bloch formula for protons, kaons 
and pions.
m(pKS) (GeV) m(pKS) (GeV)
Figure 16: The mass of the pKg system, m(pKg), for a) protons and b) antiprotons together 
with the predictions of the PYTHIA Monte Carlo. The arrow indicates the position of the 
expected 0+ signal, around 1.54 GeV.
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Figure 17: The mass of the pKS system, m(pKg), for protons and antiprotons combined together 
with the fit result. The arrow indicates the position of the expected 0+ signal, around 1.54 GeV.
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